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Abstract Using an ocean model, generation and decay mechanisms of warm/cool sea surface
temperature anomalies (SSTAs) off Western Australia, or Ningaloo Ni~no/Ni~na, are investigated through the
calculation of a mixed-layer temperature (MLT) balance taking the mixed-layer depth (MLD) variation into
account. Since Ningaloo Ni~no/Ni~na develops owing to local air-sea interaction and/or remote forcing, events
are classiﬁed into two cases based on alongshore wind anomalies and analyzed separately. It is revealed
that the anomalous meridional advection associated with the stronger Leeuwin Current and the enhanced
warming by the climatological shortwave radiation because of the shallower MLD generate warm SSTAs in
the coastal region for both cases of Ningaloo Ni~no. On the other hand, the latent heat ﬂux damps SSTAs
only in a case without northerly alongshore wind anomalies. In the decay, larger sensible heat loss is
important. Because of the reduced meridional temperature gradient, the meridional advection eventually
damps SSTAs. The sensitivity change to the climatological shortwave radiation owing to MLD anomalies
explains offshore MLT tendency anomalies for both cases throughout the events. The mechanisms for
Ningaloo Ni~na are close to a mirror image of Ningaloo Ni~no but differ in that the latent heat ﬂux damps
offshore SSTAs. The seasonal phase-locking nature of Ningaloo Ni~no/Ni~na is related to the seasonal
variations of MLD and surface heat ﬂuxes, which regulate the amplitude and sign of the sensitivity change
to surface heat ﬂuxes. It is also related to the seasonal variations of the Leeuwin Current and meridional
temperature gradient through advection anomalies.
1. Introduction
The dominant interannual variation of sea surface temperature (SST) in the southeastern Indian Ocean
along the west coast of Australia is characterized by an El Ni~no/La Ni~na-like warming/cooling and is called
Ningaloo Ni~no/Ni~na (Feng et al., 2013; Kataoka et al., 2014; Figure 1a). Typically, it develops during austral
spring (hereafter, seasons refer to those for the Southern Hemisphere), peaks during summer, and decays in
the following autumn (Kataoka et al., 2014; Figure 1c). The 2010/2011 Ningaloo Ni~no was the strongest
event ever recorded instrumentally and caused a devastating coral bleaching event (Pearce & Feng, 2013)
and changes in the marine ecosystem (Wernberg et al., 2012). Also, it is shown that northwestern Australia
tends to receive more/less rainfall during Ningaloo Ni~no/Ni~na (Tozuka et al., 2014). Therefore, understanding
mechanisms of Ningaloo Ni~no/Ni~na is important.
Using observational data sets, Kataoka et al. (2014) have examined the mechanism of Ningaloo Ni~no/Ni~na
during the past 60 years and classiﬁed the events into the locally and nonlocally ampliﬁed cases based on
the local alongshore wind anomalies in summer. The former case develops mostly through an intrinsic air-
sea interaction: An anomalous low/high generated by positive/negative SST anomalies (Tozuka et al., 2014)
is accompanied by northerly/southerly alongshore wind anomalies, which cause coastal downwelling/
upwelling anomalies as well as stronger/weaker poleward-ﬂowing Leeuwin Current and further enhance
the initial SST anomalies. On the other hand, in the latter case, negative/positive sea level pressure (SLP)
anomalies over the Australian continent for Ningaloo Ni~no/Ni~na, result in a band-like pattern of SLP anoma-
lies with no anomalous alongshore wind. As a consequence, the relative importance of the intrusion of the
oceanic downwelling/upwelling coastal waves that cause positive/negative SST anomalies through the
strengthened/weakened Leeuwin Current becomes larger. These waves originate from the western Paciﬁc
and/or northern coast of Australia, with the former related to the El Ni~no/Southern Oscillation (ENSO; Clarke,
1991; Clarke & Liu, 1994; Meyers, 1996). We note that the ENSO also generates SLP anomalies off Western
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Australia and inﬂuences the local alongshore wind anomalies. Therefore, this remote atmospheric effect
may inﬂuence the locally ampliﬁed case, but the classiﬁcation by Kataoka et al. (2014) is simply based on
whether local wind anomalies contribute to a local ampliﬁcation of SST anomalies. In addition, Kataoka
et al. (2014) have suggested that latent heat ﬂux anomalies may contribute to the further growth of SST
anomalies in the coastal region at the peak phase and to SST anomaly generation in the offshore region
during the development. Their analysis regarding the surface heat ﬂuxes, however, was based on the com-
posite spatial patterns and thus, they did not incorporate the effects of interannual variations in mixed-layer
depth (MLD) on the surface heat ﬂuxes.
Also, the above studies did not discuss the mechanism quantitatively. In this regard, Benthuysen et al.
(2014) were the ﬁrst to conduct the heat budget analysis using a regional ocean model. They showed that
the anomalously strong Leeuwin Current and surface heat ﬂux anomalies play an important role in the
anomalous warming in the 2010/2011 event, supporting the earlier work by Feng et al. (2013).
More recently, Marshall et al. (2015) have examined the heat budget of the upper 50 m during the warming
events of the past 50 years using reanalysis data sets. They have shown that latent heat ﬂux anomalies,
together with the anomalous advection by the Leeuwin Current, directly generated positive SST anomalies.
These studies, however, have conducted the heat budget analysis by assuming the ocean mixed-layer thick-
ness to be constant. This assumption needs to be scrutinized considering that the MLD undergoes
Figure 1. First empirical orthogonal function (EOF) mode of sea surface temperature (SST) anomalies off Western Australia for (a) ERSST and (b) the model.
Variance contribution is indicated on the top right of each ﬁgure. In Figure 1a, the domain used to calculate the Ningaloo Ni~no index (NNI; 1088E-coast, 288S–228S;
blue solid) and mixed-layer temperature (MLT) balance for the coastal region (Box 1: 1128E-coast, 288S–228S; gray dotted) and the offshore region (Box 2:
100–1068E, 22-158S; black solid) are indicated, whereas the domain used to deﬁne the coastal wind index (CWI; 108–1148E, 28-228S; black solid) is superimposed in
Figure 1b. The location of Fremantle is also indicated in Figure 1a by a triangle. (c) Monthly standard deviation of the 3 month running averaged NNI (blue solid:
the model, gray dotted: ERSST). (d) Time series of simulated (blue solid) and observed (black dotted) NNI.
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signiﬁcant seasonal and interannual variations and the sensitivity of the mixed-layer to surface heat ﬂuxes is
dependent on the MLD. In addition, Marshall et al. (2015) have not introduced any distinction between the
locally and nonlocally ampliﬁed events despite that Kataoka et al. (2014) demonstrated that two different
mechanisms (i.e., the local ocean-atmosphere coupled process and the remote forcing) are important.
The above has motivated us to investigate how local ocean temperature anomalies of locally and nonlocally
ampliﬁed Ningaloo Ni~no/Ni~na are generated and damped using an ocean general circulation model
(OGCM). In particular, we focus on possible inﬂuences of the MLD variation. The key questions to be
addressed are: Are there any differences in the processes involved in the evolution of the locally and nonlo-
cally ampliﬁed cases? Do variations in the MLD play any role? If so, what process is more responsible for the
SST warming or cooling?
The rest of this paper is organized as follows. A brief description of observational and reanalysis data sets
and model simulations is given in the next section. Section 3 describes and develops a diagnostic method
for examining a mixed-layer temperature (MLT) balance; a more detailed derivation for some equations is
presented in the supporting information. The seasonal variation is examined in section 4 and main results
for interannual variations are presented in section 5. Discussions and conclusions are given in sections 6
and 7, respectively.
2. Model and Data
The OGCM used in this study is based on version 3.0 of the Modular Ocean Model (MOM3.0; Pacanowski &
Grifﬁes, 1999) developed at the National Oceanic and Atmospheric Administration/Geophysical Fluid
Dynamics Laboratory (NOAA/GFDL). The model covers the global ocean for 658S–658N, where the horizontal
resolution varies from 1/48 around the study region (908E–1608E, 408S–208N) to 28 (18) in the zonal (meridio-
nal) direction in the outer region. The region with the ﬁnest resolution encompasses the Ningaloo Ni~no/
Ni~na-related SST anomalies (Feng et al., 2013; Kataoka et al., 2014; Marshall et al., 2015). Within the sponge
layer of 38 latitudinal width from the model northern and southern boundaries, temperature and salinity are
strongly restored toward the monthly climatology (Levitus & Boyer, 1994; Levitus et al., 1994) to reduce arti-
ﬁcial wall effects. There are 25 vertical levels and the 5 min gridded elevation data from ETOPO5 are
adopted for the bottom topography and the coastlines. The lateral eddy viscosity and diffusivity are based
on the formula given by Smagorinsky (1963) and the parameterization of Pacanowski and Philander (1981)
is used for the vertical eddy viscosity and diffusivity calculation.
The model is ﬁrst spun up for 20 years from the initial state of no motion with the annual mean climatology
(Levitus & Boyer, 1994; Levitus et al., 1994) by the monthly climatology of the wind stress from the National
Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis
data (Kalnay et al., 1996) and the surface heat ﬂux calculated by the bulk formulae using simulated SSTs
and the atmospheric variables from the reanalysis. Simulated sea surface salinities (SSSs) are relaxed to the
monthly mean climatology with the restoring time scale of 30 days. Then, it is further integrated using the
daily mean wind stress from the NCEP/NCAR reanalysis and daily surface heat ﬂux calculated by the bulk
formulae for 1948–2012 with the spin-up period of the ﬁrst 10 years discarded. Thus, outputs for the last 55
years from 1958 to 2012 are analyzed. Again, simulated SSSs are nudged toward the monthly mean
climatology.
For comparison, we use the Extended Reconstructed Sea Surface Temperature (ERSST) version 3b data set
(Smith et al., 2008) with 28 3 28 resolution from 1958 to 2012. Ocean currents from the Simple Ocean Data
Assimilation (SODA; Carton & Giese, 2008) for 1958–2010 and from the Predictive Ocean Atmosphere Model
for Australia Ensemble Ocean Data Assimilation System Re-Analysis (PEODAS; Yin et al., 2011) for 1981–2010
are adopted. The sea level observations at Fremantle (1158440E, 328030S; Figure 1a) are obtained from the
National Tidal Unit (NTU). Monthly climatology of MLD from Commonwealth Scientiﬁc and Industrial
Research Organisation (CSIRO) Atlas of Regional Seas 2009 (CARS2009; Ridgway et al., 2002) is used as well,
where MLD is deﬁned as a smaller depth at which the temperature decreases by 0.28C or the salinity
increases by 0.03 practical salinity unit from 10 m. For MLD diagnosis, monthly climatology of evaporation
minus precipitation from the European Centre for Medium-Range Weather Forecasts Interim Reanalysis
(ERA-Interim; Dee et al., 2011) for the period 1979–2014 is used.
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Linear trends are removed from the observation data and outputs from the OGCM using a least squares ﬁt.
When discussing the MLD and MLT balance, however, we retain trends to avoid artiﬁcial inversion layers.
3. Mixed-Layer Temperature Balance: Physical Background
The MLT balance can be calculated by
@Tmix
@t
5
Q
qcph
2
1
h
ð0
2h
v  rhTdz2 1h
ð0
2h
rh  jhrhTð Þdz1 q2hqcph (1)
(e.g., Vialard & Delecluse, 1998). Here Tmix is temperature averaged over the mixed-layer, q is the sea water
density, cp is the speciﬁc heat of the sea water, h is the MLD, which is deﬁned as a depth at which the
potential density increases by 0.01 kg/m3 from the top model level, v is horizontal velocity vector, T is the
sea water temperature, jh is the horizontal diffusion coefﬁcient, q2h is the heat ﬂux at the bottom of the
mixed-layer representing vertical diffusion, entrainment, and vertical advection, and rh is a horizontal gra-
dient operator. Also, the net surface heat ﬂux Q is given by
Q5Qsw1Qlw1Qlh1Qsh
5q 0ð Þ2q 2hð Þ1Qlw1Qlh1Qsh; (2)
where Qsw is the shortwave radiation absorbed in the mixed-layer, and Qlw, Qlh, and Qsh are the net surface
longwave radiation, latent heat ﬂux, and sensible heat ﬂux, respectively. Also, q zð Þ is the downward short-
wave radiation at depth z and is parameterized by
q zð Þ5q 0ð Þ R exp z
c1
1 12Rð Þ exp z
c2
 
(3)
(Paulson & Simpson, 1977), where R (50.58) is a separation constant, and c1 (0.35 m) and c2 (523.0 m) are
attenuation length scales. These values are for the case of water type I of Jerlov (1976). For the rest of the
paper, we denote the surface heat ﬂux into the ocean as positive heat ﬂux.
The modeled longwave radiation into the ocean is calculated using the observed and modeled SSTs (in 8C;
denoted by SSTobs and SST , respectively) and the longwave radiation from the reanalysis (Qobslw ) as follows:
Qlw5Q
obs
lw 1emr SST
obs1273:16
 4
2 SST1273:16ð Þ4
h i
; (4)
where em50:97 is the seawater emissivity and r55:6731028 W m
22 K24 is the Stefan-Boltzmann constant.
The latent and sensible heat ﬂuxes are computed using bulk formulae:
Qlh52qaLCEDqWS; (5)
Qsh52qaCpaCH SST2T2ð ÞWS: (6)
Here qa51:2 kg m
23 is the air density, L52:53106 J kg21 the latent heat of vaporization, CE5CH51:53
1023 the bulk transfer coefﬁcients, WS the wind speed at 10 m, Cpa51:0053103 J kg
21 the speciﬁc heat of
the air, T2 the air temperature at 2 m, and Dq  qs2qa the difference between the saturated speciﬁc humid-
ity at the sea surface (qs) and the speciﬁc humidity at 2 m (qa). Letting es56:1121exp
18:7292SST=227:3ð ÞSST= SST1257:87ð Þ½  be the saturated vapor pressure in hPa and Ps51013:0 hPa be the
sea level pressure, qs is obtained by
qs50:62197es= Ps20:378esð Þ:
Although the ﬁrst term on the RHS of equation (1) represents the contribution from the surface heat ﬂux, it
should not be treated as a simple quantity because its variation is a combination of the effects of changes
in the surface heat ﬂuxes and MLD. As noted in the introduction, the latter effect could modulate the for-
mer, but it was not considered in the previous studies. Hence, decomposition into one from actual surface
heat ﬂux variability and another from MLD variations helps us to understand their relative importance in
the evolution of Ningaloo Ni~no/Ni~na. A Taylor expansion for the ﬁrst term on the RHS of equation (1) about
the monthly climatology gives
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Here an overbar (a prime) denotes monthly climatology (interannual anomaly) and we have assumed jQ0Q j
 1 and jh0h j  1. For a more detailed derivation, readers may refer to the supporting information. The ﬁrst
term on the RHS represents an anomalous contribution from the surface heat ﬂux anomaly and is referred to
as ‘‘heat ﬂux anomaly effect’’ for convenience. The second term on the RHS shows the variation in sensitivity
to the climatological surface heat ﬂux associated with the variation in heat capacity of the mixed-layer associ-
ated with MLD anomaly and called ‘‘heat capacity variation effect’’ in this paper. For example, when the
mixed-layer is anomalously deep (positive h0), the climatological cooling by the latent heat ﬂux weakens due
to the larger mixed-layer heat capacity, resulting in warm MLT anomalies if everything else remains the same.
Equation (7) is also applicable to anomalous contribution from the vertical heat ﬂux at the bottom of the
mixed-layer, that is, the last term on the RHS of equation (1) (Q is replaced with q2h).
Since our focus is on summer, when the mixed-layer is shallow, we note that even when the incoming
shortwave radiation at the sea surface remains the same, the shortwave radiation anomaly, Q0sw, may
include nonnegligible contribution from the anomalous penetrative shortwave radiation at the base of the
mixed-layer associated with MLD anomalies. Therefore, it would be helpful to separate it from the contribu-
tion from a surface shortwave radiation anomaly on the interannual timescale. Since O Rð Þ  O 12Rð ) and
O hð Þ  O c2ð Þ  O c1ð Þ, only the second term on the RHS of equation (3) is inﬂuential at the base of a
mixed-layer, giving
Qsw5q 0ð Þ 12 R exp2hc1
1 12Rð Þ exp2h
c2
  
	 q 0ð Þ 12 12Rð Þ exp2h
c2
 
: (8)
Using a Taylor expansion and supposing that jq 0ð Þ0q 0ð Þ j  1 and jh0c2 j  1, an anomaly in the shortwave
radiation absorbed in a mixed-layer is represented by
Q0sw 	 q 0ð Þ0 12 12Rð Þ exp
2h
c2
 
1 q 0ð Þ 12Rð Þ exp2h
c2
 
h0
c2
1Res: (9)
Thus, the decomposition of the contribution from the shortwave radiation may be written as
Qsw
qcph
 0
	
q 0ð Þ0 12 12Rð Þ exp2hc2
h i
qcph
1
q 0ð Þ 12Rð Þ exp2hc2
h i
h0
c2
qcph
2
Qsw
qcph
h0
h
1Res: (10)
Here the ﬁrst term on the RHS is the contribution from the shortwave radiation anomaly at the sea surface,
and the second term represents the effect of variation in absorption amount due to the MLD anomaly
(‘‘absorption anomaly effect’’). The third term is the contribution from the heat capacity variation for the
shortwave radiation.
The second term on the RHS of equation (1), which denotes the horizontal advection, is also inﬂuenced by
several factors (i.e., interannual variations in the MLD, ocean currents, and horizontal temperature gradient).
Thus, a diagnostic equation to examine the relative importance of the above factors is useful. Assuming
that jh0h j  1, jv0v j  1, and jrhT 0rhT j  1, the horizontal advection anomaly term may be decom-
posed as
2
1
h
ð0
2h
v  rhTdz
 0
52 v  rhT
 j2h2 1h
ð0
2h
v  rhT dz
 
h0
h
2
1
h
ð0
2h
v’  rhT dz2 1
h
ð0
2h
v  rhT 0dz1Res:
(11)
Here a Taylor expansion is used again. We note that a variational method with an additional assumption
leads to the same result (see the supporting information for more detail). The sum of the ﬁrst two terms
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represents the effect of the vertical shear in climatological horizontal advection (‘‘shear effect’’). The third is
associated with the anomalous advection of the mean temperature gradient. In a similar manner, the fourth
term is related to the mean advection of the anomalous horizontal temperature gradient.
Considering that the third term on the RHS of equation (1), which represents the horizontal diffusion, is
expected to be small, we may estimate the fourth term, which we refer to as a vertical term or vertical pro-
cesses, by taking the difference between the LHS and the ﬁrst two terms on the RHS.
Since we expect SST anomalies in the coastal and offshore regions may be generated by different mecha-
nisms due to different roles of the Leeuwin Current and coastal processes (e.g., Marshall et al., 2015), we cal-
culate the MLT balance in two box regions (Figure 1a). Box 1 (1128E-coast, 288S–228S) is located within the
Ningaloo Ni~no/Ni~na index (NNI) region (1088E-coast, 288S–228S), whereas Box 2 (1008E–1068E, 228S–158S) is
located away from the coast. The NNI is deﬁned as SST anomalies averaged over the region 1088E-coast,
288S–228S, where the highest SST variability of Ningaloo Ni~no/Ni~na occurs (Figure 1a). Anomalies are com-
puted with respect to the monthly mean climatology of 1958–2012.
4. Seasonal Cycles
Prior to examining the MLT balance during Ningaloo Ni~no/Ni~na years, we analyze the seasonal cycle of the
study region. Both observed and simulated SSTs in Boxes 1 and 2 reach the maximum in late summer to
early autumn and the minimum around spring (Figure 2a). Also, the MLD in these regions shoals in summer
and deepens in fall and winter (Figure 2b). To obtain an insight into the seasonal variation of the MLD, the
simulated MLD is recalculated with temperature and/or salinity replaced by their annual mean climatology:
h Ta ; Sa
 
, h Ta ; S
 
and h T ; Sa
 
(an overbar with superscript a denotes the annual mean climatology; Fig-
ures 2c and 2d). It is found that simulated MLDs in both regions are mainly determined by temperature pro-
ﬁles rather than salinity proﬁles since h T ; Sa
 
relative to h Ta ; Sa
 
reproduces the seasonal cycle better
than h Ta ; S
 
relative to h Ta ; Sa
 
, though we note that SSSs are restored to the observed monthly climatol-
ogy in our model. The model overestimates the MLD in winter and this may be partly due to the lack of the
diurnal cycle. While the daily mean surface heat ﬂux is negative in winter, the surface heating during the
daytime stabilizes the upper layer (e.g., Ide & Yoshikawa, 2016). Hence, including the diurnal cycle in the sur-
face boundary condition may reduce this bias. However, the MLD in summer when Ningaloo Ni~no/Ni~na
develops is realistically simulated. We leave details of the MLD bias in winter for future study.
The warming (cooling) tendency of the mixed-layer over both regions in summer (winter) is consistent with
the seasonal cycle of SSTs (Figures 2e and 2f). While these tendencies are mostly explained by the contribu-
tion from the surface heat ﬂux, whose seasonal variation is dominated by the shortwave radiation (ﬁgure
not shown), the meridional advection modulates the seasonal variation in the coastal region during late
summer to autumn because of the seasonal strengthening of the Leeuwin Current (Figure 3). In addition,
the seasonal intensiﬁcation of the meridional temperature gradient in summer may contribute to the stron-
ger meridional advection. The seasonal strengthening of the Leeuwin Current seems to be due to slacken-
ing of southerly winds (Godfrey & Ridgway, 1985; Smith et al., 1991) or to the pressure rise to the north
(Godfrey & Ridgway, 1985). The reproduced seasonality of the current is consistent with the data assimila-
tion products (Figure 3) and is also veriﬁed by the high correlation coefﬁcient of 0.92 between the simulated
and observed climatology of sea level at Fremantle, which is considered to be a good proxy for the Leeuwin
Current strength (Feng et al., 2003). Vertical processes contribute to the cooling during summer. Since the
mixed-layer shoals, the entrainment is expected to be small. Rather, a more efﬁcient cooling of the season-
ally thin mixed-layer by vertical diffusion may explain this cooling.
5. Interannual Variations: Ningaloo Ni~no/Ni~na
We begin by performing an empirical orthogonal function (EOF) analysis on SST anomalies to extract the
dominant mode of interannual variability off the west coast of Australia (1008E–1208E, 348S–128S; Figures 1a
and 1b). The model well reproduces the observed spatial pattern and amplitude of Ningaloo Ni~no/Ni~na
with a pattern correlation coefﬁcient of 0.94, which is better than the state-of-the-art coupled models (Kido
et al., 2016); we note that our simulation has an advantage of having reanalysis data as the surface bound-
ary conditions. The current model well simulates the observed NNI during 1958–2012 (Figure 1d) with a
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correlation coefﬁcient of 0.81. This is partly because of its success in simulating the Leeuwin Current vari-
ability; high correlation of 0.81 is found between observed and simulated sea level anomalies at Fremantle.
The standard deviation of 3 month running averaged NNI is computed to check its seasonality. Both
observed and simulated NNI show high (low) variability in summer (winter), although the simulated
Figure 2. (a) Annual cycle of SST from the model (solid line) and the observation (dotted line) for the Box 1 (red) and Box
2 (blue) regions. (b) As in Figure 2a, but for mixed-layer depth (MLD). (c, d) Simulated MLD climatology computed using
interannually varying temperature and salinity (black solid), annual mean temperature and salinity (dotted black), annual
mean temperature and interannually varying salinity (red), and interannually varying temperature and annual mean salin-
ity (light blue) for the Box 1 and 2 regions. (e) Climatological MLT balance over the Box 1 region. The MLT tendency, the
contribution from the surface heat ﬂux, zonal advection, meridional advection, and vertical processes are shown in black,
red, light blue, blue, and dotted gray lines, respectively. (f) As in Figure 2e, but for the Box 2 region.
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amplitude is somewhat stronger in the peak season (Figure 1c).
Because of this phase-locking nature, we have decided to deﬁne Nin-
galoo Ni~no (Ni~na) years as the years in which the simulated NNI aver-
aged over January–March is above 1 (below 21) standard deviation
with year 0 regarded as the Ningaloo Ni~no/Ni~na-developing year and
year 1 as the following year. This criterion leads to 13 (11) Ningaloo
Ni~no (Ni~na) years (Figure 4), where the years in black letters are the
same as those deﬁned by Kataoka et al. (2014) using the ERSST data.
The current model reproduces most events but fails to capture the
1982/1983 and 1996/1997 Ningaloo Ni~no and the 1976/1977 Ningaloo
Ni~na events in Kataoka et al. (2014). We note that these are ‘‘border-
line events’’ and the model simulates moderate events just below the
criteria (Figure 1d). To classify the simulated events into two cases fol-
lowing Kataoka et al. (2014), we calculate the coastal wind index
(CWI), which is deﬁned by the area-average of northerly wind anoma-
lies over the coastal region (1088E–1148E, 288S–228S; Figure 1b), as
shown in Figure 4. Ningaloo Ni~no (Ni~na) events with the CWI exceed-
ing 0.9 (below 20.9) standard deviations are classiﬁed as ‘‘locally
ampliﬁed case,’’ whereas the others are classiﬁed as ‘‘nonlocally ampli-
ﬁed case’’ (see Figure 4 for event years). The composites are computed
by averaging monthly anomaly ﬁelds for each of the four cases
deﬁned above (six events for the locally ampliﬁed Ningaloo Ni~no,
seven events for the nonlocally ampliﬁed Ningaloo Ni~no, three events for the locally ampliﬁed Ningaloo
Ni~na, and eight events for the nonlocally ampliﬁed Ningaloo Ni~na). Unless otherwise noted, qualitatively
the same results are obtained even when only the sign of the CWI is used for the criterion.
5.1. Ningaloo Ni~no
5.1.1. Locally Amplified Case
5.1.1.1. Coastal Region
Figure 5a shows the composite of MLT balance in Box 1 for the locally ampliﬁed case. The signiﬁcant warm-
ing in summer is primarily driven by two major contributions from the anomalous meridional advection
and shortwave radiation. The former is mostly explained by anomalous strengthening of the Leeuwin Cur-
rent (Figure 6a blue line; the third term on the RHS of equation (11) with v0 < 0). This supports the hypothe-
sis of the local feedback process proposed by Kataoka et al. (2014) based on the observation, in which
alongshore northerly wind anomalies accelerate the Leeuwin Current. This is also consistent with their view-
point based on energetics; a positive correlation between atmospheric surface wind anomalies and
Figure 3. Southward volume transport (in Sv) across 1088E-coast at 258S in the
upper 300 m from the model (solid black), SODA (dashed pink), and PEODAS
(dotted green). Note that positive values indicate the southward transport.
Superimposed is meridional SST gradient (in 10268C/m) across 1128E-coast at
258S from the simulation (purple dot dash).
Figure 4. (a) January–March (JFM) mean CWI in each Ningaloo Ni~no year. The dashed line represents 0.9 standard devia-
tion of the CWI. The ‘‘locally ampliﬁed cases’’ are drawn in red, whereas the ‘‘nonlocally ampliﬁed cases’’ are in orange.
Years in black letters are the same as those identiﬁed by Kataoka et al. (2014). (b) As in Figure 4a, but for each Ningaloo
Ni~na year. The dashed line indicates20.9 standard deviation of the CWI. The ‘‘locally ampliﬁed cases’’ are expressed in
purple, whereas the ‘‘nonlocally ampliﬁed cases’’ are in light blue.
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anomalous oceanic ﬂows in the ML is necessary for instability (see their Appendix). The anomalous meridio-
nal advection is further enhanced by seasonal strengthening of the meridional temperature gradient in
summer (Figure 3; a larger jrT j in the third term on the RHS of equation (11)) and this may partly explain
the seasonality of the phenomenon. The latter contribution from the shortwave radiation also contributes
to the warming tendency, offering another possible positive feedback process. This is dominated by the
third term on the RHS of equation (10) denoting the heat capacity variation effect due to MLD anomalies
(Figure 7a). On the other hand, the heat ﬂux at the bottom of the mixed-layer anomalously cools the mixed-
layer as seen in Figure 5a. To obtain further insight into this effect, we calculate the temperature difference
(DT  Tmix2T210) between the MLT and the temperature at 10 m below the base of the mixed-layer (T210).
We ﬁnd signiﬁcant positive DT anomalies in January (1) and February (1) (not shown), leading to stronger
cooling by the vertical entrainment and diffusion. The larger DT is the result of the warmed mixed-layer at
the peak phase. Since MLD anomalies are negative (Figure 7a), the cooling by such vertical processes is
ampliﬁed as well (the second term on the RHS of equation (7) is negative with q2h < 0 and h0 < 0).
It is interesting to note that no signiﬁcant contribution from the latent heat ﬂux is seen during the develop-
ing seasons, even though previous studies suggested that latent heat ﬂux anomalies contribute to the SST
anomaly growth around the peak phase (e.g., Kataoka et al., 2014; Marshall et al., 2015). This apparent con-
tradiction in the coastal region may be explained by a balance between the ﬂux anomaly effect and the
Figure 5. Composites of the MLT balance (in 10278C/s) over the Box 1 region in the (a) locally ampliﬁed and (b) nonlocally
ampliﬁed Ningaloo Ni~no years. The MLT tendency anomaly (black solid line), the anomalous contribution from the short-
wave radiation (dark-red solid line), the longwave radiation (yellow solid line), the latent heat ﬂux (orange solid line), and
the sensible heat ﬂux (red dot-dash line), the zonal advection anomaly (light-blue solid line), the meridional advection
anomaly (blue solid line), and the anomaly in the vertical processes (dark-gray dotted line) are shown. Anomalies exceed-
ing the 90% (80%) conﬁdence level by a two-tailed t test are indicated by ﬁlled (open) markers. A 3 month running mean
is applied to smooth the time series. (c, d) As in Figures 5a and 5b, but for the Box 2 region. Note that the different vertical
scales are used for Box 1 and Box 2 and that 10278C/s  0.268C/month.
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Figure 6. Time series of composite anomalies of the meridional advection terms in equation (11) over the Box 1 region
for (a) the locally ampliﬁed and (b) nonlocally ampliﬁed Ningaloo Ni~no (in 10278C/s). The meridional advection anomaly
(black solid line), the sum of the ﬁrst two terms (light-blue solid line; climatological advection shear effect), the third term
(blue solid line; anomalous ocean current effect), the fourth term (purple dot-dash line; meridional temperature gradient
anomaly effect), and residual (dark-gray solid line) are shown. Filled (open) markers show anomalies exceeding the 90%
(80%) conﬁdence level by a two-tailed t test. A 3 month running mean is applied to smooth the time series.
Figure 7. Time series of composite anomalies of the shortwave radiation terms in equation (10) for the locally ampliﬁed
Ningaloo Ni~no over (a) the Box 1 and (c) Box 2 regions (in 10278C/s; left y axis label). The total contribution anomaly (black
solid line), the ﬁrst term (dark-red solid line; ﬂux anomaly effect), the second term (yellow solid line; variation in absorp-
tion amount effect), the third term (orange solid line; heat capacity anomaly effect), and residual (dark-gray dot-dash line)
are shown. MLD anomalies (light-blue solid line) are superimposed (in m; right y axis label). Filled (open) markers show
anomalies exceeding the 90% (80%) conﬁdence level in a two-tailed t test. A 3 month running mean is applied to smooth
the time series. (b, d) As in Figures 7a and 7c, but for the nonlocally ampliﬁed case.
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capacity variation effect (Figure 8a): While anomalous latent heat ﬂux consistent with previous studies is
seen during the peak phase (the ﬁrst term on the RHS of equation (7) with Q0LH > 0), it is canceled out by
the enhanced climatological cooling due to the anomalously thin mixed-layer (the second term on the RHS
of equation (7) with QLH < 0 and h0 < 0). Neglecting this second term effect led the previous studies to con-
clude that the latent heat ﬂux directly forces SST anomalies. The time evolution of the latent heat ﬂux
anomaly is closely related to the reduction in wind speed (Figure 8a), and this reduction in the wind speed
also contributes to the shoaling of the MLD.
The decay of warm anomalies in early autumn is explained by the sum of the anomalous contribution from
the shortwave radiation, and latent and sensible heat ﬂuxes, while the relative importance of the meridional
advection anomaly becomes larger after April (1). This meridional advection anomaly is associated with the
weakening of the meridional temperature gradient (interannually smaller jrT 0j) and the seasonally intensi-
ﬁed Leeuwin Current (seasonally larger jv j), the former being likely due to the preceding anomalous current
(Figure 6a). The anomalous contribution from the shortwave radiation in this phase is associated with the
suppressed climatological warming owing to thickening of MLD (Figure 7a). On the other hand, the anoma-
lous cooling by the sensible heat ﬂux associated with ﬂux anomaly (ﬁgure not shown), which is expected
from higher SSTs, contributes to the decay. Similarly, anomalous cooling by the latent heat ﬂux is associated
with the increased evaporation (Figure 8a). Since positive SST anomalies grow while reduced wind speed
Figure 8. Time series of composite anomalies of the latent heat terms in equation (7) over the Box 1 region for (a) the
locally ampliﬁed and (b) the nonlocally ampliﬁed Ningaloo Ni~no (in 10278C/s). (c, d) As in Figures 7a and 7b, respectively,
but for the Box 2 region with a different vertical scale from Figures 7a and 7b. The total contribution anomaly (black solid
line), the ﬁrst term (dark-red solid line; ﬂux anomaly effect), the second term (orange solid line; heat capacity anomaly
effect), and residual (dark-gray dot-dash line) are shown. Wind speed (in m/s; WS; light-blue solid line), the difference
between the saturated speciﬁc humidity at SST and the speciﬁc humidity at 2 m (in g/kg; Dq; blue solid line), and SST (in
8C; light gray bar) anomalies are superimposed. Filled (open) markers show anomalies exceeding the 90% (80%)
conﬁdence level in a two-tailed t test. A 3 month running mean is applied to smooth the time series.
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recovers, the increase in surface evaporation associated with that in SST eventually overwhelms the
decrease in surface evaporation associated with that in wind speed and contributes to the damping of SST
anomalies. This is reﬂected in the increase of anomalous speciﬁc humidity difference Dq.
5.1.1.2. Offshore Region
Over the offshore region (i.e., Box 2), the MLT tendency is mostly controlled by the contribution from the
shortwave radiation during the whole life cycle (Figure 5c), where MLD anomalies again play an important
role (Figure 7c). The vertical processes damp SST anomalies owing to their more efﬁcient cooling of the
thinner mixed-layer. Also, a signiﬁcant positive DT anomaly in February (1) contributes to the cooling by the
vertical processes.
Again, we note that no signiﬁcant contribution from the latent heat ﬂux is found, contrary to previous studies
suggesting that latent heat ﬂux anomalies generate SST anomalies (e.g., Kataoka et al., 2014; Marshall et al.,
2015). Similar to the coastal region, positive latent heat ﬂux anomalies (Figure 8c) are seen with a reduction in
the wind speed, but they are compensated by enhanced climatological cooling owing to shallower mixed-
layer. In other words, the positive ﬁrst term on the RHS of equation (7) with Q0LH > 0 is offset by the negative
second term with QLH < 0 and h0 < 0. Therefore, the positive latent heat ﬂux anomalies do not directly warm
the mixed-layer. However, this does not mean that the latent heat ﬂux is unimportant; through buoyancy ﬂux,
its anomalies can cause MLD variation, which plays a key role in generating SST anomalies as discussed above.
In fact, latent heat ﬂux anomalies dominate surface heat ﬂux anomalies (ﬁgure not shown) and some coher-
ency is seen between the heat ﬂux anomaly term of the latent heat (Figure 8c) and MLD anomalies (Figure 7c),
while negative wind speed anomalies themselves may also contribute to anomalously shallow mixed-layer.
In the decay season, the SST response becomes important in latent heat ﬂux anomalies and they change
the sign, but the capacity variation effect again compensates this term. Thus, the variation in the latent heat
ﬂux itself does not directly contribute to the evolution of the MLT anomaly.
5.1.2. Nonlocally Amplified Case
5.1.2.1. Coastal Region
Now let us consider the nonlocally ampliﬁed case. Anomalies in the meridional advection and the contri-
bution from the shortwave radiation cause anomalous warming of the mixed-layer. It is found that the
anomalously strong current (Figure 6b; the third term on the RHS of equation (11) with v0 < 0) and the
smaller mixed-layer heat capacity (Figure 7b; the third term on the RHS of equation (10) with QSW > 0
and h0 < 0) are again responsible for those anomalies. The anomalously strong Leeuwin Current is mainly
driven by the ENSO through coastal waves (e.g., Feng et al., 2013; Kataoka et al., 2014; Marshall et al.,
2015). As noted in the introduction, the remote forcing on the Leeuwin Current is seen in some of the
locally ampliﬁed Ningaloo Ni~no events, in which the current is further accelerated by local wind anoma-
lies and thus, the current anomalies are larger than nonlocally ampliﬁed events (Figures 6a and 6b). In
addition to the stronger current, the seasonally intensiﬁed meridional temperature gradient (Figure 3;
seasonally larger jrT j) offers a favorable condition for the anomalous meridional advection related to the
third term on the RHS of equation (11). Although the MLD is anomalously shallow, neither signiﬁcant
wind speed (Figure 8b) nor net surface heat ﬂux anomalies (ﬁgure not shown) are found during the devel-
oping season. The anomalous poleward current may contribute to the shallower MLD by advecting the
warm and fresh water from the tropics (e.g., Feng et al., 2015), although its details are left for future study.
These negative MLD anomalies may result in the stronger than normal cooling by the vertical processes
during summer. In contrast to the locally ampliﬁed case, the latent heat ﬂux contributes to damping of
MLT anomalies. This difference is mostly explained by the difference in the ﬂux anomaly (Figures 8a and
8b). As expected from Figure 4a, we cannot see wind speed reduction and latent heat ﬂux anomalies for
the nonlocally ampliﬁed case (Figure 8b). Thus, the enhanced climatological cooling is not canceled out
as in the locally ampliﬁed case.
From late summer to autumn, positive SST anomalies lead to larger latent heat release and the negative
feedback by anomalous latent heat ﬂux takes over the enhanced climatological latent heat loss associated
with the thinner mixed-layer. Negative meridional advection anomalies contribute to the cooling at the ﬁnal
decay stage. This seems to be due to the combination of the weaker meridional temperature gradient and
the current, though the former is not statistically signiﬁcant. We note that the stronger climatological cur-
rent in this season also contributes to the negative meridional advection anomaly associated with the
fourth term on the RHS of equation (11).
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5.1.2.2. Offshore Region
For the offshore region, almost no statistically signiﬁcant anomalies are found and we cannot discuss in
detail (Figure 5d). However, we note the importance of the enhanced warming by the climatological short-
wave radiation as for the locally ampliﬁed case (Figure 7d).
5.2. Ningaloo Ni~na
Since only three Ningaloo Ni~na events are classiﬁed into the locally ampliﬁed case during 1958–2012 (Figure
4b), we ﬁrst discuss the nonlocally ampliﬁed case and then brieﬂy comment on the locally ampliﬁed case.
5.2.1. Nonlocally Amplified Case
5.2.1.1. Coastal Region
From spring to summer, the anomalous MLT cooling is mainly caused by an anomalous meridional advec-
tion (Figure 9b), which is associated with the weakening of the Leeuwin Current (Figure 10b; the third term
of equation (11) with v’ > 0). The seasonally intensiﬁed meridional temperature gradient in summer (Figure
3; seasonally larger jrT j in the third term on the RHS of equation (11)) also contributes to the development
of the anomaly in this term. As in the nonlocally ampliﬁed Ningaloo Ni~no case, the anomalous contribution
from the latent heat ﬂux damps the MLT anomalies around summer. This is explained by positive latent
heat ﬂux anomalies (Figure 11b; the ﬁrst term on the RHS of equation (7) with Q0LH > 0), associated with the
cooler SST and smaller Dq (Figure 11b).
At the early stage of the decay phase, the anomalous contribution from the sensible heat ﬂux plays a role in
warming. We ﬁnd that this anomalous contribution is related to positive sensible heat ﬂux anomalies due to
negative MLT anomalies, though they are not signiﬁcant until April (1) (ﬁgure not shown). As SST anomalies
decay, the anomalous latent heat ﬂux also becomes smaller. At the same time, the MLD becomes thinner
(Figure 12b), which is related to positive net surface heat ﬂux anomalies (ﬁgure not shown), resulting in
Figure 9. As in Figure 5, but for Ningaloo Ni~na. Note that only three Ningaloo Ni~na events are classiﬁed as the locally
ampliﬁed case.
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enhanced cooling by the climatological latent heat ﬂux (Figure 11b; the second term on the RHS of equa-
tion (7) with QLH < 0 and h0 < 0). The latter overwhelms the former by April (1) and the anomalous contri-
bution from the latent heat ﬂux moderates the decay of the MLT anomalies at the very ﬁnal stage. The
Figure 10. As in Figure 6, but for Ningaloo Ni~na.
Figure 11. As in Figure 8, but for Ningaloo Ni~na.
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anomalous contribution from the shortwave radiation also contributes to the decay and is associated with
the enhanced warming by the shallower MLD (Figure 13b; the third term on the RHS of equation (10) with
Qsw > 0 and h0 < 0). At last, meridional advection anomalies seem to warm the MLT, although SST anoma-
lies are no longer signiﬁcant then.
5.2.1.2. Offshore Region
Figure 9d shows the MLT balance anomaly for the offshore region. For both the growth and decay periods,
the MLT tendency anomaly in Box 2 is primarily controlled by the anomalous contribution from the short-
wave radiation, which is explained by the heat capacity variation, highlighting the importance of MLD
anomalies again (Figure 12d). Around the peak phase, the anomalous contribution from the longwave radi-
ation tends to oppose the MLT cooling due to the combination of its suppressed climatological cooling
owing to thicker mixed-layer (the second term on the RHS of equation (7) with QLW < 0 and h0 > 0) and
downward longwave radiation anomaly (the ﬁrst term on the RHS of equation (7) with Q0LW > 0). The anom-
alous contribution from the latent heat ﬂux also damps the MLT cooling. This is different from the inference
made by Kataoka et al. (2014) based on the spatial pattern (therefore, assuming a constant MLD). This
apparent discrepancy again can be understood by the decomposition of equation (7) (Figure 11d); latent
heat ﬂux anomalies themselves are negative (the ﬁrst term on the RHS of equation (7) with QLH0 < 0), but
the diluted climatological cooling associated with the deeper MLD (the second term on the RHS of equation
(7) with QLH < 0 and h0 > 0) overwhelms, resulting in damping of negative SST anomalies. This damping
effect of the latent heat ﬂux is contrasted from that for the nonlocally ampliﬁed Ningaloo Ni~no, where no
signiﬁcant role of the latent heat ﬂux is seen (Figure 5a). The difference seems to be related to smaller latent
heat ﬂux anomalies due to smaller wind speed anomalies during the developing phase of the nonlocally
ampliﬁed Ningaloo Ni~na.
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Figure 12. As in Figure 7, but for Ningaloo Ni~na. Different vertical scales are used between the two regions.
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5.2.2. Locally Amplified Case
Although only three Ningaloo Ni~na events are classiﬁed into the locally ampliﬁed case, they are similar to
the nonlocally ampliﬁed case; anomalous meridional advection due to the weaker Leeuwin Current is
important for the coastal region, whereas the reduced warming by the shortwave radiation owing to the
deeper MLD dominates the anomalous cooling in the offshore region. The damping effect of the latent
heat ﬂux is seen as in the nonlocally ampliﬁed Ningaloo Ni~na and is different from the locally ampliﬁed Nin-
galoo Ni~no, which may stem from a smaller wind speed anomaly and resulting smaller latent heat ﬂux
anomaly. If Ningaloo Ni~na events with a negative CWI are classiﬁed as the locally ampliﬁed case, we have
8 locally ampliﬁed Ningaloo Ni~na events. Under this criterion, shortwave radiation anomalies themselves as
well as reduced warming by the climatological shortwave radiation owing to thicker mixed-layer contrib-
utes to the offshore SSTA development.
5.3. Interannual Anomalies of MLD Related to Ningaloo Ni~no/Ni~na
As discussed in the previous two subsections, MLD anomalies are important for the life cycle of Ningaloo
Ni~no/Ni~na in the offshore region and that of Ningaloo Ni~no in the coastal region. To investigate this further,
the MLD is diagnosed again using the monthly climatology for either temperature or salinity: h T ; S
 
and
h T ; S
 
, respectively. It is revealed that MLD variability related to Ningaloo Ni~no/Ni~na is mostly determined
Figure 13. (a) Composites of MLD anomalies computed using interannually varying temperature and salinity (black), monthly climatology of temperature and
interannually varying salinity (red), and interannually varying temperature and monthly climatology of salinity (light blue) during Ningaloo Ni~no/Ni~na years. Filled
(open) markers show anomalies exceeding the 90% (80%) conﬁdence level in a two-tailed t test. A 3 month running mean is applied to smooth the time series. (b)
Composite of MLD anomalies diagnosed by equation (12) in DJF for (top) locally ampliﬁed and (bottom) nonlocally ampliﬁed Ningaloo Ni~no over the Box 2 region
(in m). Middle (right) bars show diagnosed values with the monthly climatology of frictional velocity (surface heat ﬂux). Note that 1998/1999 and 1999/2000 events
are excluded from the nonlocally ampliﬁed Ningaloo Ni~no composites. (c) As in Figure 13b), but for Ningaloo Ni~na.
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by vertical variations of temperature rather than salinity variations since h T ; S
 0 better reproduces h0 (Fig-
ure 13a). Interestingly, salinity variations also contribute to MLD anomalies from August (0) to November (0)
during the strongest Ningaloo Ni~no in 2010/2011. However, we should note that our model does not have
the freshwater ﬂux as the surface boundary condition and SSSs are restored to the observed monthly mean
climatology, which may underestimate the salinity control of MLD. In fact, freshening anomalies are
observed until June 2011 during the strongest Ningaloo Ni~no event (Feng et al., 2015).
For a further discussion on the cause of MLD anomalies, a diagnostic value of MLD under the stabilizing sur-
face ﬂux is calculated based on the following equation (Zilitinkevich et al., 2002):
MLD U
;Hð Þ5 jU


jf j a1bZð Þ1=2
: (12)
Here U
 is the frictional velocity, H surface heat ﬂux, j50:4 the von Karman constant, ‘‘stabilizing ﬂux’’
Z52B=jf jU
2, buoyancy ﬂux B52g aH=cpq2b E2Pð Þ S
	 

, g the gravity acceleration, a the thermal expan-
sion coefﬁcient, b the haline contraction coefﬁcient, E2P the surface freshwater ﬂux, and SSS is used for
mixed-layer salinity S, and 0.28 and 0.31 are adopted for empirical constants a and b, respectively (Yoshi-
kawa, 2015). Since the horizontal advection is assumed to be weak in this formulation, only the MLD over
Box 2 is diagnosed. The monthly climatology of diagnosed MLD during summer is generally deeper than
the observed or simulated MLD climatology (Figure 2b). Nevertheless, it reproduces deeper MLDs in Decem-
ber, which tend to shallow into February (91 m in December, 54 m in January, and 39 m in February), and
may give a qualitative insight into generation of MLD anomalies during summer.
A composite of diagnosed MLD anomaly shows a negative value during the Ningaloo Ni~no years consistent
with our simulation, though the amplitude is larger (Figure 13b). The shallower mixed-layer is explained by a
combination of the stronger buoyancy gain and weaker wind stirring because we obtain a deeper MLD if we
use a climatological value either for the frictional velocity or surface heat ﬂux. Although the monthly climatology
of SSSs is used to focus on the relative importance of surface heat ﬂux and wind stirring, the results are
unchanged within 5% even if interannually varying SSSs are imposed. Note that, for the nonlocally ampliﬁed
case, 1998/1999 and 1999/2000 events are excluded from the composites because equation (12) gives unrealis-
tically deep MLD anomalies in December for those events (the MLD anomalies are 73 and 241 m, respectively).
When equation (12) is applied to Ningaloo Ni~na events, the MLD anomalies during the locally ampliﬁed
case are mainly explained by the surface heat ﬂux, while the subdominant contribution from the winds are
also seen (Figure 13c, top). MLD anomalies during nonlocally ampliﬁed case are related to both surface heat
ﬂux and wind speed anomalies (Figure 13c, bottom). However, we note again that only three Ningaloo Ni~na
events are classiﬁed into the locally ampliﬁed case.
6. Discussions
This study revealed the importance of MLD anomalies, which change sensitivity of the mixed-layer to the
surface heat ﬂuxes. Among others, the sensitivity change to the climatological shortwave radiation offers a
following possible feedback process. Positive SST anomalies generate
low-pressure anomalies in the overlying atmosphere. Since the
accompanied wind anomalies are against the climatological winds,
the mixed-layer becomes anomalously shallow because of weaker
wind stirring and/or reduced latent heat loss, resulting in an enhanced
warming by the climatological shortwave radiation. Because the
ocean model used in this study does not incorporate atmospheric
feedback, the above feedback should be explored using a coupled
model.
We note that the change in sensitivity is not directly proportional to
MLD anomalies but proportional to their ratio to the climatology, as
inferred from equations (7) and (10). Figure 14 shows the standard
deviation of MLD anomalies over the NNI region along with their ratio
to the climatology. Although the standard deviation is relatively small
Figure 14. Monthly standard deviation of the MLD over the NNI region (in m;
black dotted line) and its ratio to the climatology (blue solid line).
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during summer, the ratio is large from spring to summer, when Ningaloo Ni~no/Ni~na develops (Figure 1c).
This suggests that the seasonal phase-locking nature is related to the seasonal variation of the MLD.
We further note that the sign as well as the amplitude of the climatological surface heat ﬂuxes could also
contribute to the phase-locking nature. Northerly (Southerly) alongshore wind anomalies, for example, may
generate positive (negative) SST anomalies via strengthened (weakened) meridional advection. Given the
climatological southerly, these northerly (southerly) wind anomalies lead to a shallower (deeper) mixed-
layer. If the climatological net surface heat ﬂux tends to warm the mixed-layer, the smaller (larger) heat
capacity enhances the warming (cooling) tendency anomalies. However, if the climatological net surface
heat ﬂux cools the mixed-layer, it reduces, or even offsets the warming (cooling) by the advection. As seen
in Figure 2, summer is the only season when the net surface heat ﬂux warms the mixed-layer.
Such an effect of interannual MLD variation is also crucial for development of other climate modes such as
the Atlantic Meridional Mode (Doi et al., 2010) and the Subtropical Dipole Modes (Morioka et al., 2010;
Kataoka et al., 2012). The above discussion on the seasonal phase-locking nature may be applicable to these
climate modes (e.g., Suzuki et al., 2004) and may even be extended to their changes on longer timescales
(e.g., Yamagami & Tozuka, 2015).
7. Conclusions
Using outputs from an OGCM, we have quantitatively examined the generation and decay mechanisms of
SST anomalies associated with Ningaloo Ni~no/Ni~na taking MLD variations into account. Since Ningaloo
Ni~no/Ni~na is suggested to develop as the result of a combination of local air-sea coupling and remote forc-
ing (Kataoka et al., 2014; Marshall et al., 2015), events are classiﬁed into two cases and analyzed separately.
Also, MLT balance is calculated for the coastal and offshore regions because each region may be governed
by different processes.
For the coastal region, positive meridional advection anomalies associated with the stronger Leeuwin Cur-
rent (the third term on the RHS of equation (11) with v0 < 0) and enhanced warming by climatological
shortwave radiation owing to anomalously thin mixed-layer (the third term on the RHS of equation (10)
with QSW > 0 and h0 < 0) contribute to the generation of both cases of Ningaloo Ni~no. The former supports
the existence of the local positive feedback proposed by Kataoka et al. (2014). Seasonal intensiﬁcation of
meridional temperature gradient in summer (a larger jrT j in the third term on the RHS of equation (11)) is
favorable for a larger advection anomaly and thus, for the seasonal development of the phenomenon. On
the other hand, negative sensible heat ﬂux anomalies play an important role in the decay. Since the positive
meridional advection anomalies during the developing phase reduce the meridional temperature gradient,
meridional advection anomalies eventually change their sign and also contribute to the decay (the fourth
term on the RHS of equation (11) with rT 0 < 0). Seasonally strong Leeuwin Current (seasonally larger jv j in
the fourth term on the RHS of equation (11)) contributes to a larger anomaly as well and therefore, to the
decay of Ningaloo Ni~no from autumn to winter.
However, there are some differences between the two cases. For the locally ampliﬁed case, anomalous
northerly alongshore winds oppose climatological southerly winds, and the resulting weaker wind speed
leads to smaller latent heat loss (the ﬁrst term on the RHS of equation (7) with Q0LH > 0; the ﬂux anomaly
effect). This is mostly cancelled out by enhanced cooling by climatological latent heat loss associated with
the shallower mixed-layer (the second term on the RHS of equation (7) is negative with QLH < 0 and h0 < 0;
the capacity variation effect). This is why the latent heat ﬂux as a whole does not contribute much to the
development. However, this does not mean that the latent heat ﬂux is unimportant; through buoyancy ﬂux,
its anomalies can cause MLD variation, which plays a key role in generating SST anomalies as discussed
above. For the nonlocally ampliﬁed case, on the other hand, no signiﬁcant wind speed anomalies are seen
and thus no signiﬁcant latent heat ﬂux anomalies are found during the developing season (the ﬁrst term on
the RHS of equation (7) with QLH0 	 0). However, enhanced cooling by climatological latent heat loss is pre-
sent (the second term on the RHS of equation (7) is negative with QLH < 0 and h0 < 0). While this enhance-
ment weakens after the peak phase, negative latent heat ﬂux anomalies become larger owing to warm SST
anomalies. As a result, the latent heat ﬂux as a whole cools the mixed-layer throughout the course of the
event. Neglecting interannual MLD variations (h0) led the previous studies to the conclusion that the latent
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heat ﬂux directly contributes to SST anomalies (e.g., Feng et al., 2013; Kataoka et al., 2014; Marshall et al.,
2015).
The MLT tendency anomalies in the offshore region during the development (decay) phase for both cases
are dominated by enhanced (reduced) warming by the climatological shortwave radiation owing to nega-
tive (positive) MLD anomalies, which is controlled by vertical variations in temperature rather than salinity.
An MLD diagnosis suggests that anomalies in both surface heat ﬂux and wind stress are important for MLD
anomalies. While past studies (e.g., Feng et al., 2013; Kataoka et al., 2014; Marshall et al., 2015) argued that
latent heat ﬂux anomalies contribute to the warming, no signiﬁcant contribution from the latent heat ﬂux is
seen in this study. The difference again can be understood by a balance between the ﬂux anomaly effect
and the capacity variation effect, where the latter was not taken into account in the previous studies based
on the assumption that h050.
The generation and decay mechanisms for both cases of Ningaloo Ni~na are close to a mirror image of those
for Ningaloo Ni~no in general. In particular, negative meridional advection anomalies associated with the
weaker Leeuwin Current and suppressed warming by climatological shortwave radiation play an important
role in the coastal and offshore regions, respectively, in the development. However, there is a difference as
well. In the offshore region, the latent heat ﬂux tends to dampen MLT anomalies during the developing sea-
son for both cases of Ningaloo Ni~na, whereas no signiﬁcant contribution from the latent heat ﬂux as a
whole is seen during both cases of Ningaloo Ni~no. However, we note that only three locally ampliﬁed cases
occurred and we need more events to discuss their general characteristics.
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